. Because the r-process is responsible for the production of the heavy elements in the early Galaxy, these dispersions require varying light-to-heavy ratios in r-process yields.
INTRODUCTION
and Cameron (1957) showed that only two sets of physical conditions were necessary to explain the abundances of the heavy (A > 65) elements in the solar system. Because of strong Coulomb forces, the build-up of heavier nuclei happens through neutroncapture. The first of these neutron-capture processes is the s-process, where neutron captures onto seed nuclei take place much more slowly than β−decays. The s-process is thought to take place in two distinct environments. The 'main' s-process occurs in low-mass AGB stars, while the 'weak' s-process occurs during helium burning in massive stars. While the main s-process can make neutron-rich material up to 209 Bi (Clayton & Rassbach 1967 ), the weak s-process is not predicted to make significant amounts of material with A> 90 (Couch, Schmiedekamp, & Arnett 1974) . The second neutron-capture process, the r-process, takes place when conditions are such that neutron capture rates are much higher than β−decay rates. It produces a distinctive pattern in the abundance ratios, the most noticeable features being the so-called r-process peaks. These peaks, at A∼80, 130, and 196 , are the signatures of nucleosynthesis events which reached the neutron magic numbers of 50, 82, and 126.
Despite having been identified as taking place in an environment with rapid neutron captures, the astrophysical phenomena that create the r-process remain unidentified. The neutrino wind in Type II SN showed promise (Woosley & Hoffman 1992; Woosley et al. 1994 ), but two problems arose. First, there remain questions about whether the entropy in the wind is sufficiently high to produce the r-process Qian & Woosley 1996 , but see Otsuki et al. 2000; Wanajo et al. 2001) . Also, Freiburghaus et al. (1999a) found that highentropy wind models cannot produce an r-process pattern for A<110 because those elements are synthesized during the low-entropy, neutron-deficient α-rich freezeout phase of the wind. and Woosley et al. (1994) also show that the elements near N=50 are overproduced relative to the more massive nuclei in neutrino wind models. So either the neutrino-wind is not the source of any r-process products, or the conditions are such that the material with A<110 is either not ejected or is diluted. Models have shown that merging neutron stars may be the source of significant amounts of r-process material (e.g. Lattimer & Schramm 1974; Rosswog et al. 2000) . Freiburghaus, Rosswog & Thielemann (1999b) did parameterized calculations of the nucleosynthesis in the ejecta and found that it could be a source for nuclei with A > ∼ 130. An earlier suggestion that the r-process occurred in helium-burning regions, either cores of low-mass stars or in the helium shell in SN, was rejected because unacceptably large amounts of 13 C were required to make the A∼195 peak (Cowan, Cameron & Truran 1985) . However, helium-burning phases can still make r-process isotopes in the range A∼80 with about half as much 13 C. Truran, Cowan, & Fields (2001) updated the calculations for the helium-shell shock r-process and find that for normal amounts of C, it can provide interesting amounts of material with A < 130.
Abundances in metal-poor stars provide insight into the r-process because they bear the marks of relatively few nucleosynthesis events and because the r-process is thought to be the sole source of many of the heavy elements in the early Galaxy (Truran 1981) . However, alternative sources, such as the weak s-process, may contribute substantial amounts to the lightest of the neutron-capture elements, such as Sr, Y and Zr (e.g. Prantzos, Hashimoto & Nomoto 1990) . In recent years, much new information has become available on the abundances of heavy elements in metalpoor stars (e.g. Gilroy et al. 1988; McWilliam et al. 1995; Ryan et al. 1996; Westin et al. 2000; Burris et al. 2000) , revealing a wide diversity in some abundance ratios, such as [Sr/Ba] and a remarkable consistency in others, such as [Ba/Eu]. The information on the intermediate-mass ele-1 ments such as Pd and Ag is particularly interesting, since the abundance ratios in one star, CS 22892-052, showed a larger difference between the abundances of the odd-Z and even-Z elements than seen in the solar system (Sneden et al. 2000a ).
Johnson (2002) (Paper I) presented the abundances of up to 17 neutron-capture elements in a sample of 22 metalpoor ([Fe/H] < −1.7) field red giants. In this paper we add Sr abundances for these stars, as well as Pd and Ag abundances for three stars from this sample. We then analyze the abundance patterns for all the heavy elements in the Paper I sample to learn more about the r-process in the early Galaxy.
OBSERVATIONS AND DATA REDUCTION
The full details of the observations and data reduction are in Paper I. Briefly, we obtained high-resolution spectra on two echelle spectrographs. We observed 12 stars with HIRES (Vogt et al. 1994) on Keck I in May and June 1997. These data cover from 3200Å to 4700Å with R∼45,000. The S/N was ∼ 200 at 4000Å. We also observed 21 stars, including 11 of the 12 HIRES stars, with the Hamilton on the Shane 3-meter at Lick Observatory (Vogt 1987) . The Hamilton data have larger wavelength coverage (3800Å to 7000Å) and higher resolution (R∼60,000), but lower S/N (∼100 at 6000Å). We measured over 7000 equivalent widths (EWs) and synthesized over 200 additional lines. Paper I reports the abundances of 30 elements for our sample of stars, including 17 neutron-capture elements.
We used Kurucz model atmospheres 1 . The effective temperature was chosen so that the abundance derived from Fe I lines did not depend on their excitation potential. Gravity was set from the ionization balance from the Fe I/Fe II lines. The microturbulent velocity (ξ) was changed until there was no slope in the abundances vs. EW plot for the Fe I lines. The errors shown in this paper caused by uncertainties in the atmospheric parameters take into consideration random errors of ± 100K in T eff , ± 0.3 dex in log g, and ± 0.3 km/s in ξ as well as the scatter caused by inaccurate gf-values and EWs. Errors for abundance ratios consider the similarity of the two elements' response to atmospheric model parameter changes in the manner discussed in McWilliam et al. (1995) (Paper I) . We note that when solar values are used, we used the meteoritic values from Anders & Grevesse (1989) .
However, three interesting elements were not considered in that study, Pd, Ag and Sr. Below we derive abundances for these three elements to bring to 20 the number of neutron-capture elements with measurements in our metal-poor star sample.
ABUNDANCES

Pd and Ag
We could only use one Pd and one Ag line to measure abundances. Both lines lie to the blue of 3500Å where the spectrum, even in metal-poor stars, is very crowded. Therefore, we synthesized the spectrum in these regions. Examples for the Pd and Ag lines are shown in Figure  1 . The initial line list was taken from Kurucz CD-ROM 23 (Kurucz & Bell 1995) and modified when more recent gf-values could be found. We also eliminated lines from the list that had no noticeable contribution to the spectral synthesis. For the Pd I line list, we used the gf-values of O'Brian et al. (1991) for the Fe I lines at 3404.290Å and 3404.360Å. The Co I line at 3405.13Å had hyperfine splitting (HFS) constants from Pickering (1996) . The Pd line has a gf-value from Biémont et al. (1982) . This region of the spectrum is also littered with NH lines. The gf-values and wavelengths for the NH lines were taken from Kurucz 2 and most have theoretically predicted wavelengths and gfvalues. Luckily, none of the lines near Pd 3404Å were strong enough to show any absorption, mostly because they were 15 NH lines. In support a lack of contamination we note that in their analysis of the solar spectrum, Biémont et al. (1982) found that using the EW of the 3404Å Pd line resulted in a logǫ of 1.67 dex, very close to the average photospheric value of 1.69 dex and the meteoritic value of 1.70 dex (Anders & Grevesse 1989) . In addition, several of our stars (e.g. Fig 2) show very little absorption in that region, indicating the lack of contaminants. Table 1 has our final line list. The problem with blending is more severe for the Ag line at 3280Å, since Kurucz lists some NH lines very close to the wavelength of the Ag line. We have set the NH strength in this region empirically. Synthesis of the solar spectrum with the Kurucz line lists revealed that the log gf-values for the 3280Å region should be increased by 0.4 dex relative to the log gf-values for the 3360Å NH region. In practice, we found an NH abundance using the 3360Å region for our halo stars, and then increased the N abundance to 0.4 dex when synthesizing the 3280Å region. The linelist in Table  2 contains the original Kurucz values. We note that if we did not adjust the NH absorption, the Ag values for HD 108577 and HD 186478 would be ∼ 0.1 − 0.15 dex higher, still in disagreement with the solar values. The stronger For the Pd synthesis, the Fe abundance has been increased 0.2 dex, the Co abundance decreased by −0.6 dex and the Zr abundance increased by 0.3 dex over the abundances derived in Paper I. For the Ag synthesis, the Zr abundance (−0.2 dex) has been decreased. We also adopted [O/Fe] =1.00 dex. These changes are not unexpected given the uncertainities in abundances and gf-values, but they had no effect on the derived Pd and Ag abundances. Ag line in BD +8 2548 makes it fairly immune to changes in the NH line strength. Ross & Aller (1972) and Crawford et al. (1998) found that the Ag line at 3280 in the Sun gives a logǫ of 1.05 dex, below the meteoritic value of 1.24 dex (Anders & Grevesse 1989) . The source of the discrepancy between the meteoritic and the photospheric values is unclear. Crawford et al. (1998) point out that an increase in the opacity by ∼1.3 in the Sun could solve the problem. Whether missing opacity on the same scale is present in our sample of metal-poor giant is not known. We note that the gf-value is a recent laboratory measurement (Fuhr & Wiese 1996) and is estimated to have a 10% uncertainty. Although HFS should not be a issue with a line this weak, we have nonetheless used the wavelengths and relative strengths from Ross & Aller (1972) to split the Fuhr & Wiese gf-value into HFS components. We estimate that our signal-to-noise in these regions as well as inaccuracies in our linelists limit our precision for both Pd I and Ag I to 0.2 dex. The inclusion of errors caused by our choices of model atmosphere parameters leads to a final error estimate of 0.25 dex. Our Pd and Ag abundances are listed in Table 2 . In Table 2 , we also list the 5-σ upper limits on the abundance of Pd for the stars with HIRES data. These limits were derived by generating synthetic spectra with different Pd abundances and then testing the goodness-of-fit to the HIRES data with a χ 2 test. The FWHM and the position of the line were fixed; only the abundance was varied. The noise was determined by the photon statistics. We also assumed that the continuum was 99% of our "best" choice and that Pd was the only contributor to the absorption at that wavelength. These choices gave a secure upper limit to the Pd abundance. Figure 2 gives an example of the 5-σ limit for BD −18 5550.
Sr Abundances
Another element useful for shedding light on early Galactic nucleosynthesis is Sr. Because it is made in the r, mains and weak s-processes, its ratio with other elements, such as Y, changes as contributions from various processes are made. Unfortunately, we found our synthesis of the strong resonance lines of SrII at 4077Å and 4215Å yielded different answers for the core and the wings of the lines. The Sr II line is very deep in most of our stars, approaching depths of 20% of the continuum. The high layers of the atmospheric models probably have an incorrect temperature structure. Indeed, the Fe lines argue that such is the case (see Paper I) in these stars. So we decided to fit the wings of the lines using the linelists from Sneden et al. (1996) (Arlandini et al. 1999) . To test the effect of including the weak s-process isotopes in our synthesis, we subtracted Arlandini et al.'s main s-process yields from the total solar system abundances, which resulted in a Sr composition that was 35%
86 Sr, 22% 87 Sr, and 43% 88 Sr. As suspected, using this combination of Sr isotopes decreased the derived Sr abundance from the 4215Å line by up to 0.3 dex. Because this affected all of our abundances in a similar fashion, the relative abundances change by a much smaller (<0.1 dex) amount. The wings of the lines are not a sensitive abundance indicator; we estimate observational errors of 0.15 dex for our abundances. Including the effect of uncertainties in model atmosphere parameters, in particular in the microturbulent velocity, raises the total error to 0.30 dex. Table 2 gives the Sr abundances derived assuming only
88 Sr is present.
Other Abundances
We have already presented the abundances for other neutron-capture elements for the 22 stars in our sample in Paper I. Table 2 includes the [Fe/H] values derived in Paper I for all our stars, as well as abundances for Y, Zr and Ba, since those are the abundances most discussed in this paper. We have also plotted some abundance ratios from the literature. When error bars for these points are shown, they represent the addition in quadrature of the standard deviations of the mean for the two elements. Figure 3 shows the abundances for three heavy-elementrich stars in our sample, as well as two extraordinary stars from the literature, CS 22892-052 (Sneden et al. 1996) and CS 31082-001 (Hill et al. 2002) . The latter two are metalpoor ([Fe/H] ∼ −3.0) field giants as well, and show even larger enhancements of neutron-capture elements than any of the stars in our sample. This permitted the measurement of crucial elements such as U, Os, Ir, and Pb. The elements heavier than Ba and lighter than Yb show remarkable star-to-star consistency and very good agreement with the contributions of the r-process to the solar-system abundances (r ss ). The recent work of Toenjes et al. (2001) Figure 3 the dispersion in the light-to-heavy neutroncapture element ratios, such as Y/Ba, is obvious. There is a lack of dispersion in the ratios between the intermediate elements, such as Pd and the heavy elements.
RESULTS
Overview
Ba through Yb
From a quantitative standpoint, Johnson & Bolte (2001) showed that the abundances of Ba through Yb in all stars agree well with r ss and that the scatter is consistent with observational error. Previous work on field stars with [Fe/H] < −2.0 has given a similar result (e.g. Gilroy et al. 1988; Sneden et al. 1996; McWilliam 1998) . Sneden et al. (2000b) analyzed the abundances of Ba, La, Ce, Nd, Sm, Eu, Gd and Dy in three red giants from the metal-poor globular cluster M 15, and found the r ss pattern in each of these stars as well.
Sr,Y, and Zr
We also find that within the narrow mass range spanned by Sr, Y and Zr (A=84 − 96), the abundance pattern repeats itself from star-to-star. In Figure 4a , we have plotted [Y/Zr] vs. [Fe/H] and find that all the scatter in the plot (aside from the M15 stars) is due to observational error. A similar result for field dwarfs with [Fe/H] < −1.5 was found by Zhao & Magain (1991) . We have included the three red giants from M 15 (Sneden et al. 2000b) There is certainly scatter in the light-to-heavy neutroncapture element ratios greater than can be explained by observational error. Figure 5 shows the [Y/Ba] ratio for our sample as well as for data from McWilliam et al. (1995) , McWilliam (1998) and Fulbright (2000) taken from the literature. The literature studies were drawn from recent papers that had data with high-resolution and large wavelength coverage of metal-poor stars. Our results ( Figure 5 ) confirm the large scatter seen previously in the ratio of light-to-heavy neutron capture elements (e.g. McWilliam et al. 1995; Ryan et al. 1996; Westin et al. 2000) While we have chosen to plot [Y/Ba] because their lines are prominent in all of our spectra, we note that using Sr or Zr in place of Y, or any element from La to Yb in place of Ba would have resulted in a similar plot, since the abundance ratios within each group are constant. (Sneden et al. 2000a ) and CS 31082-001 (Hill et al. 2002) in the three stars in our sample with measurements. It is important to keep in mind that this sample is biased to stars with large [heavy-neutron-capture/Fe] ratios and may not be representative of all stars. However, the consistent [Pd/Ag] ratio we are finding may indicate one r-process pattern in the intermediate mass elements in metal-poor stars.
Summary
Our observational results can be summarized as follows: There is good agreement between Ba and Yb with r ss for all the stars, both field and cluster, in our sample. For the small number of stars with Pd and Ag measurements, we find indications of an increased odd-even effect for Pd and Ag compared to Ideally, the abundance ratios produced by the r-process would be known accurately from theory, and the results from metal-poor stars could be interpreted in light of that information. But because of the unknown physical properties of the progenitor nuclei near the neutron-drip line and the unknown physical conditions during the r-process, the most useful predictions actually rely on s-process calculations. These s-process models are fit to the s-only nuclei and then subtracted from the total isotopic abundances present in the solar system. Therefore, depending on the results of the s-process model, r ss can change. This change can be substantial for elements that in the solar system are mostly produced by the s-process, such as Sr, Y, and Zr, where changes of 10% in the s-process predictions can lead to changes of over 100% in r ss . We have illustrated the consequences in Figure 3 . Here we have plotted r ss = logǫ tot − logǫ mains−process from two literature sources: Käppeler et al. (1989) and Arlandini et al. (1999) . The main difference between the two studies lies in the physical conditions during the neutron-captures onto the seed nuclei. Käppeler et al. used the "classical" model, where the neutron exposure is assumed to have an exponential distribution and the temperature does not depend on time. Arlandini et al. instead use the physical conditions predicted by AGB models, where neither assumption holds. This substantially modifies the abundances, particularly of Y. Figure 3 shows that if the Arlandini results, instead of the Käppeler results, are used, there is no conflict between r ss and the abundances of CS 22892-052 in the Sr, Y and Zr region This does not mean that the problem of the abundance ratios of the lighter neutron-capture elements has been solved, but rather that uncertainties in r ss remain at a large enough level to confuse our interpretations of the abundances in metal-poor stars.
Theoretical predictions for the r-process
Theoretical results show that the r-process alone is responsible for the production of the elements heavier than Zr in the early Galaxy. The main s-process is not efficient at low metallicities (Gallino et al. 1998) . Combined with the lifetimes of the progenitor low-mass AGB stars, this leads to an 0.7 Gyr time lag to the appearance of s-process nucleosynthesis in the early Galaxy (Raiteri et al. 1999) . No other process contributes significant amounts of the heavier nuclei. The main s-process can never build the heaviest nuclei, such as Th and U (Clayton & Rassbach 1967 ) so these must be r-only nuclei at all times. Kratz et al. (2000) found that requiring a high minimum neutron density during the r-process could duplicate the enhanced odd-even staggering in the Pd-Ag region and still match the pattern seen in the heavier elements. Sr, Y and Zr are produced in the r-process and are also seeds for the creation of the heavier elements such as Pd, Ba, Yb, etc. In fact, if the neutron density is high enough, it is possible for so many neutrons to be captured that little Sr, Y, and Zr is produced. (Kratz et al. 2000; Pfeiffer, Ott & Kratz 2000) . Depending on the physical conditions in the r-process event, very different [Y/Ba] ratios, for example, can be created. Thus, it is possible for the r-process to explain all the features we observe.
Theoretical predictions for the weak s-process
However, the r-process may not be the only contributor to the light neutron-capture elements. The weak s-process, which occurs in short-lived, massive stars, is another possible source for Sr, Y, Zr in low-metallicity stars. As mentioned earlier, the conditions in massive stars do not lead to the production of heavier nuclei than A∼90, so contributions from the weak s-process are not expected for elements heavier than Zr. Prantzos et al. (1990) argued that the weak s-process should be extremely inefficient at [Fe/H]∼ −3.0 because of the lack of seed nuclei and the presence of primary neutron poisons. However, there are several uncertain quantities in those calculations, particularly crucial neutron capture cross-sections, which could alter the efficiency of the weak s-process in metal-poor stars by factors of ∼ 5 (Prantzos et al. 1990; Rayet & Hashimoto 2000) , so contributions to Sr, Y, and Zr from the weak s-process cannot be dismissed.
Constraints from observations: the r-process
The observed good agreement between the heavier elements (Ba-Yb) and r ss is empirical evidence for the predominance of the r-process in the early Galaxy. Adding contributions from the main s-process to r ss results in a poor fit with the abundances in metal-poor stars (Gilroy et al. 1988; Sneden et al. 1996; Johnson & Bolte 2001 ) Goriely & Arnould (1997 showed that the pattern from Ba to Yb is not very sensitive to the exact conditions of temperature, entropy, etc. in which the r-process takes place, so this abundance pattern is perhaps a robust sign of the r-process.
Observations also show that the r-process contributes at least some fraction to the lighter neutron-capture elements. Then there are the cases of CS 22892-052 and CS 31082-001. These two stars show large enhancements of the heavy neutron-capture elements, such as Ba, which are due to the r-process (Sneden et al. 1996) . They also are enriched in Sr, Y and Zr to a similar degree. It is more likely that both the Ba and the Y were created in the same r-process event than than that these two stars were enriched by an r-process event that created Ba, but not Y, and were also enriched in Y by a separate, weak sprocess event. (McWilliam 1998) . Even better evidence comes from M15. Like most other Galactic globular clusters, stars in M 15 are homogeneous in their chemical composition when considering the α− and iron-peak elements, with the exception of elements that have been affected by mixing (Sneden et al. 1997) . However, the [Ba/Fe] values showed a spread of 0.8 dex. Examination of other heavy neutron-capture elements, such as Eu, showed that the heavy neutron-capture elements in all the stars was due to the r-process (Sneden et al. 2000b) . Somehow, the rprocess ejecta had managed to spread itself very unevenly in this cluster. In Figure 5 , we have included the [Y/Ba] from the three stars of Sneden et al. (2000b) . The values for these stars are indistinguishable given the observational errors. It is unreasonable to expect an independent process to have dispersed its ejecta in exactly the same pattern as the r-process event. So the Y in CS 22892-052, CS 31082-001 and M15 comes from the r-process.
Constraints from observations: the weak s-process
We can then use the knowledge that the Y in these stars was produced in the r-process in the early Galaxy, to evaluate the possible contributions of other processes to the lighter neutron capture elements. The [Y/Zr] ratio is sensitive to contributions from different processes. In Figure  4 Arlandini et al.(1999) ). It is unclear whether the predictions of Raiteri et al. are valid at all points in Galactic history. In order to understand our observational results, it is crucial to know the expected range of [Y/Zr] values for other processes that could contribute to the the heavy elements in the early Galaxy. If there are other processes, their [Y/Zr] production ratio must be similar to that of the r-process. The simplest solution, however, is to have the production of all neutron-capture elements in the r-process only in the early Galaxy.
The r-process in the early Galaxy
Although at present we favor a picture where all the neutron-capture elements in metal-poor stars were created in the r-process, the spread in [Y/Ba] shows that there is not one universal r-process pattern. The abundances in CS22892-052 and CS31082-001 have already shown that (Sneden et al. 2000a; Hill et al. 2002) . In addition, Wasserburg et al. (1996) found evidence in the abundances of extinct radioactive nucleotides in the solar system that some r-process events produce much larger 129 I/ 182 Hf ratios than others. Because of the scatter in [Y/Ba], the abundances in metal-poor stars give support for some r-process events producing mostly the lighter neutroncapture elements, while other events favor the production of Ba and heavier. Some events also appear to manufacture more of the heaviest elements such as Th and U. Such an event must have polluted CS 31082-001. Whether one phenomenon, such as the neutrino-wind in Type II SN, can provide a wide enough range of conditions to account for the diversity seen, or whether a variety of phenomena, from neutron-star mergers to He-burning regions, are needed is not yet clear. Theoretical results show that the main s-process cannot produce substantial amounts of the neutron-capture elements in low metallicity stars. This result is supported by the good agreement between abundance pattern in the Ba region in our sample of stars and r ss . The weak s-process potentially could contribute to elements with A< 90. However, the constant abundance ratios of [Sr/Y] and [Y/Zr] precludes substantial contributions from processes other than the r-process in the early Galaxy. As a result, the abundances of the neutron-capture elements in metal-poor stars provide strong constraints on the rprocess. Any model of the r-process must explain the scatter seen in [Y/Ba] and [Ba/Th]. In addition, the models need to reproduce the enhanced odd-even effect in the PdAg region. The variety of phenomena proposed for the r-process shows that the r-process production need not be confined to one kind of event, which could aid in describing the dispersion seen.
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